We report on simulations of QCD with many flavors of degenerate quarks, the DBW2 gauge action and naive staggered fermions, using the rational hybrid Monte Carlo algorithm. We primarily focus on eight degenerate quark flavors where a variety of values of the coupling constant and quark mass have been used in the simulations. The scaling behavior of the hadron spectrum and the string tension of the heavy quark potential is studied, to probe whether the zero temperature, continuum limit of the theory breaks chiral symmetry.
Introduction
It is well known that vector-like gauge theories lose asymptotic freedom if the number of massless fermion species, N f , exceeds some critical value N * f , where N * f = 16.5 for QCD. For N f large, but smaller than N * f , a weak coupling, infrared fixed point exists in the two-loop beta function [1, 2] , which indicates that as N f is increased from zero an interesting conformal phase may exist [3] before N f becomes large enough to lose asymptotic freedom. The range of N f where such a conformal phase may exist is referred to as the conformal window, and lattice simulations provide an ideal method to determine the location of this window. Using the Schrödinger functional method, the running of the coupling constant can be measured on the lattice [4] , which has given evidence for a conformal window for QCD for 12 ≤ N f ≤ 16. Additional studies of the behavior of the finite temperature phase transition as a function of N f can be used as a probe into the conformal window [5] . In this paper, we investigate the question of whether N f = 8 QCD is in the conventional, chirally broken phase of QCD, or in the conformal phase. Previous simulations of eight flavor QCD [6] revealed lattice artifacts for the lattice spacings accessible at that time and prevented a clear statement about the phase of the theory at a single lattice spacing, and no information about the continuum limit. Here we use conventional, zero temperature lattice simulations to measure the chiral condensate and light hadron spectrum for a variety of quark masses and lattice spacings, so we can study the zero quark mass limit and the continuum limit.
Simulations and results

Choice of algorithm: RHMC
We chose the Rational Hybrid Monte Carlo (RHMC) algorithm [7, 8] , because it is exact within machine precision, its software implementation includes many optimizations. and it is extensively used for our other 2 + 1 flavor simulations with domain wall and staggered fermions. To check it for our current task, we compared our results from a 4 flavor simulation, done as a 2+2 flavor RHMC simulation (which requires the square root of the staggered fermion determinant) to previous results with Φ algorithm [9] . In Tab. 1, the plaquette, ψψ , and masses of 4 meson channels are compared. 1 The plaquette values agree at the 1 σ level, while the masses differ by 2 to 3 standard deviations, making it likely that there are long autocorrelation times in the simulations which are not under good control.
Choice of lattice action: Staggered fermions with DBW2 gauge
In this exploratory work, we seek to understand the basic properties of N f = 8 QCD at zero temperature, in the chiral and continuum limits, which requires simulations at many different parameter values. We have chosen to use the naïve staggered fermion action for its remnant chiral symmetry and its simulation speed. To help control the finite lattice spacing artifacts of staggered fermions, we have used the DBW2 gauge action, which produces smoother gauge fields at the lattice scale, for a given low energy physical scale, than other gauge actions. This smoothing of the gauge field might be expected to decrease the lattice artifacts, which we will address shortly. [11, 12] at m π /m ρ = 0.55. Here, except for the "DBW2" points, all labels refer to the type of valence quark used on a fixed dynamical ensemble.
Additionally, using the DBW2 gauge action should help to compensate for the coarsening of the gauge fields that comes from adding more fermions. From asymptotic freedom, we know that adding more fermions to a lattice theory with a fixed low energy scale produces a larger coupling at the lattice cutoff, and hence coarser gauge fields. These coarse fields, in turn, make any lattice fermion formulation a poorer approximation to the continuum.
Measuring taste symmetry breaking
We have measured the taste symmetry breaking between the Goldstone pion and the local, non-Goldstone pion for our DBW2 simulations with naïve staggered fermions and 2 dynamical flavors. In Fig. 1 , our results are compared with results from improved staggered actions in quenched [10] and 2 flavor ("Staple+Naik" sea quarks with Symanzik improved gauge action) [11, 12] simulations. Although the comparisons are at different lattice spacings, it appears that the DBW2 gauge action has reduced the splittings seen with naive staggered fermions and the Wilson gauge action.
Results with eight flavors
We report on simulations of QCD with 8 degenerate quark flavors with three different values of The jackknife re-sampling method is used throughout our analysis and all the errors we present in this paper are only statistical errors. For all three β values, we start our RHMC simulations from both ordered and disordered configurations. In Fig. 2 we show the evolutions of ψψ for β = 0.58 and β = 0.54. We see that ordered and disordered starts have values of ψψ which agree after thermalization. The metastability for eight flavor simulations with the Wilson gauge action seen in [6] does not appear in our current work. In addition to the change in action, the earlier work used the inexact R algorithm, while here we use the exact RHMC. While we have not fully investigated what is responsible for the disappearance of metastability, it is very helpful to see that it is not present in the current simulations.
The heavy quark potential is measured on our ensembles using the method in [13] , and we fit the potential to the form Fig. 3 shows the heavy quark potential for the ensemble with β = 0.56, m q = 0.008 on a 24 3 × 32 lattice. The red curve is the fit to Eq. (2.1) over the range of data points denoted by triangle symbols, and the data points shown as diamond symbols are left out of the fit. We can clearly see confining behavior from the shape of the potential. Values of r 0 and r 1 are obtained from the fit and we extrapolate them linearly to the zero quark mass limit as shown in Fig. 4 .
It is important to check whether N f = 8 QCD has dynamical chiral symmetry breaking, which gives ψψ a non-zero value in the zero quark mass limit. In The data clearly support a non-zero chiral condensate in the continuum limit.
If N f = 8 QCD is in a phase with broken chiral symmetry, there should be a pseudo-Goldstone boson whose mass vanishes in the chiral limit. Since staggered fermions have a remnant chiral symmetry, we should be able to see this Goldstone particle in our simulations. We have measured the masses for both the Goldstone pion (π) and the local non-Goldstone pion (π 2 ) in our simulations. In Fig. 6 , the left panel shows a linear extrapolation of m 2 π versus m q . (Clearly there are chiral logarithm corrections to a simple linear extrapolation, but the coefficient of the chiral log term in the continuum goes as 1/N f , which may make the effects harder to see here than in physical QCD. There are also taste breaking effects in the chiral limit. We have not attempted to include any NLO chiral terms of this kind.) The extrapolated Goldstone mass is consistent with zero, supporting the conclusion that N f = 8 QCD is in the chirally broken phase. The right panel of Fig. 6 shows the extrapolation of m 2 π 2 to the chiral limit, which is clearly non-zero for our coarsest lattice. For the finer lattices, the taste-symmetry breaking is much smaller.
We have done a linear extrapolation of our measured values for m ρ to the chiral limit, and then extrapolated these to the continuum limit, where we find a non-zero value for m ρ (m q = 0).
Conclusions and outlook
We have shown data from lattice simulations of QCD with 8 degenerate quark flavors that supports, in the chiral and continuum limits, a non-zero value for r 0 and r 1 from the heavy quark potential, a non-zero value for ψψ , a massless π and a massive ρ. This argues that the conformal phase for QCD with N f fermions in the fundamental representation must begin with N f > 8.
Having presented arguments for the behavior of 8 flavor QCD in the chiral and continuum limits, we are considering looking for evidence of a zero temperature conformal phase in low energy QCD observables with more flavors.
